A three-dimensional numerical simulation of transient fluid flow field during the solidification process of casting mold has been developed to predict the solidification front capturing the inclusions and the distribution of the inclusions at the different location in the inner surface layer has been given out. The motion behavior of non-metallic inclusions which are more than 50 μm has been simulated and visually displayed.
Introduction
The transport phenomena in the continuous casting processes for slab, billet and bloom caster is a hot topic in the past three decades. Solidification coupled with flow becomes more important since it affects the distribution of the element and discrete phase more obviously. A series of papers use different model to study the solidification of the continuous casting slab. [1] [2] [3] [4] The enthalpy-porosity technique 5) which can couple the flow with heat transfer directly becomes the more popular method for deal with solidification coupled with flow. More attentions were paid to the coupled mathematical model on turbulent flow, heat transfer and mass transfer in the continuous casting process. 6, 7) The numerical simulation has been used for the prediction of inclusion behavior, such as inclusion trajectory, inclusion removed in the RH, 7) tundish, [8] [9] [10] [11] and casting mold. 12, 13) But the inclusion behavior only focused on considering the influence of flow field on inclusion distribution and the removal effect. A lot of papers used trajectory model [13] [14] [15] to investigate inclusion behavior in the continuous casting mold. Some papers 13, [16] [17] [18] have coupled the flow of the molten steel with removal and trajectory of inclusions in the mold and tundish. But there is few papers coupled solidification with flow and inclusions motion in the continuous casting mold. The distribution of the large inclusion at the different location in the shell can rarely been seen.
The distribution of the large inclusion in the slab will affect the quality of the slab. It's more important for high surface quality requirements steel and high mechanical properties steel. So studying the distribution of the large inclusion in the shell becomes more important than before. This work presents a three-dimensional numerical simulation of transient fluid flow field during the solidification process of casting mold. Non-metallic inclusion motion behavior is simulated and visually displayed, and the nonmetallic inclusion captured by the solidification front in the solidification process is a new feature in this work. The simulation data agree well with the experiment data.
Simulation Model
The simulation model divided into two models: the Solidification Model and Inclusions Capturing Model. The Solidification Model is a steady simulation model which provides the initial condition for the Inclusions Capturing Model, such as the temperature distribution, the flow state and the steel shell thickness distribution. However the Inclusions Capturing Model is a transient model which includes the simulation of the temperature, flow, solidification and inclusions capturing. The equations for continuity, NavierStokes, and turbulent kinetic energy and its dissipation rate are listed as follows. [19] [20] [21] 
Assumptions in this Model
The following assumptions have been included in the present mathematical model for the complexity of the inclusion transfer phenomena during the solidification process of liquid steel.
(1) The molten steel is considered as steady and incompressible Newton flow.
(2) No considering the fluctuation of molten steel in mold. The top surface is covered with a protective slag layer © 2014 ISIJ which keeps the surface thermally insulated from the surroundings.
(3) The caster is perfectly vertical with respect to the gravitational field and the curvature of the strand is ignored.
(4) The non-metallic inclusions are spherical, and constant density of 3 500 kg/m 3 for inclusions is assumed. (5) No considering the impact of small inclusion particles on collision growth during the solidification process of steel slab. The inclusions can't influence fluid flow and heat transfer for their relatively low volume fraction in the molten steel.
(6) Only the evolution of latent heat due to solid liquid phase change is taken into account.
(7) Darcy's law is applied as the flow resistance through the mushy zone. Where μ is viscosity of the liquid steel, where μt is the turbulent viscosity, K is the turbulent kinetic energy, and ε is turbulent energy dissipation, and cμ is a constant, and its value is 0.09.
Inclusions Capturing Model
The enthalpy-porosity technique 5) treats the mushy region as a porous medium. The porosity in each cell is set equal to the liquid fraction in that cell. In fully solidified regions, the porosity is equal to Ucast.
Where f is the liquid volume fraction defined in the Eq. (8), e is a small number (0.001) to prevent division by zero, Amush is the mushy zone constant, and Ucast is the solid velocity due to the pulling of solidified material out of the domain.
Enthalpy Transport
The enthalpy of the material is computed as the sum of the sensible enthalpy h and the latent heat ΔH: Where k is thermal conductivity, kt is the turbulent thermal conductivity.
Transport Equations for the Standard k-ε Model
The turbulence kinetic energy K, and its rate of dissipa- Where Fdrag is the drag force per unit particle mass, F1 is additional force per unit particle mass (Saffman force 23) and Suction force caused by the concentration gradient 24) ). CD is dimensionless drag coefficient as a function of particle, as the approach of Crowe 25) describing, CD = (1 + 0.15 ) 24/Rep, Rep is the particle Reynolds number, U is the fluid 
phase velocity in m/s, Up is the particle velocity in m/s, ρ is the fluid density in kg/m 3 , ρp is the density of the particle in kg/m 3 , and dp is the particle diameter in m. Saffman force which caused by the uneven velocity distribution of the velocity boundary layer is defined as below:
............... (17) Where ν is the kinematic viscosity of the liquid steel, μ is the viscosity of the liquid steel.
Suction force 26) caused by the concentration gradient is defined as below: According to solidification theory of M. C. Flemings, 27) the concentration of solute in the boundary layer described as below:
...... (22) Then:
..... (23) .......... (24) Where C0 is the solute concentration in molten steel in %, KE is the effective distribution coefficient in 1, VS is the moving speed of the solidification interface in m/s, DL is the diffusion coefficient of solute in m 2 /s, δ is the thickness of concentration boundary layer in m, K0 is the equilibrium distribution coefficient in 1.
Turbulent Dispersion of Particles
The stochastic transport of particles (STP) 28) is used to describe dispersion of particles due to turbulence in the fluid phase. The STP model is based on established theories of stochastic process modeling. 
Material Properties and Boundary Condition
Refer to the material library of the commercial stimulation software THERCAST, the Material properties defined as below:
Boundary Conditions
For Inlet boundary condition, all variables were assumed to have a constant value at the inlet nozzle. The inlet velocity is defined by the casting speed, and the temperature of semi-empirical equations presented by Lai et al. 29) Ttun is the tundish temperature, because the temperature drop through the nozzle is very small. 30) Fully developed conditions of the outlet were adopted at the boundary, normal gradients of all dependent variables were assumed to be zero, .
31)
Normal gradients of all dependent variables were assumed to be zero for the symmetry plane, except that the velocity component normal to the symmetry plane is set to zero,
. The solidified shell at the moving walls were withdrawn with casting speed, U = Ucast. The thermal condition is divided into two parts: the mould condition and secondary cooling condition. According to the paper of P. J. Flint, 4) the expression determined empirically by Davies et al. 32) based on data gathered at the Port Kembla Works of BHP is used for mould heat flux, the expression is defined 
+ 0.93, Q in this expression is the heat extraction rate in megawatts per square meter, z is the distance below the meniscus in meters, and Ucast is the casting speed in meters per second. In order to deal with the existence of an air gap between the mould plates and the steel shell near the slab corners, the assumption of P. J. Flint 4) is used. which assumed the heat flux on the broad face is unchanged from the previous example 4) within 51.4% of the half broad face width, and falling off linearly with further horizontal dis- tance from the centerline, until at the slab corners it is only 60% of the centerline value. The secondary cooling condition is described as follow: , where γ is the average heat transfer coefficient between the solid surface and the surrounding, Hs represents the enthalpy at the surface and Ha represents the product of ambient temperature and the specific heat of steel.
Results and Discussion
Half model has been developed, The 0.25 m×1.6 m×2 m slab is modeled by 0.25 m×0.8 m×2 m divided into element which minimum size is 0.001 m and maximum size is 0.01 m.
As the Fig. 1 shows, the section a is the half model with surface and edges showed, section b is the clip at x=0.0 m with normal vector (-1 0 0) and section c is the slice at 0.8 m from meniscus with surface and edges showed. In order to reduce the solving errors at the solidification, the refinement of the boundary layer was used and the minimum size of the element is 0.001 m.
The submerged depth of the SEN is 0.2 m, measured vertically from the meniscus to the middle of the SEN port which is shown in Fig. 1 ) maximum diameter of inclusions and molten steel velocity when the solid fraction is 0.8 must meet the requirements showed in Fig. 2 . The result of this work showed in Fig. 3 . As section b of the figure shows that the maximum velocity of the molten steel is 0.06 m/s when the solid fraction is 0.8. Considering the max size of the inclusion is 195 μm, all size of the inclusions meet the capturing requirement after adding this data to the Fig. 2 if arriving at solid shell which solid fraction is 0.8. Figure 2 shows the work of Miki Yuji 33) and Yamada Wataru's work 34) about the relationship between steel flow velocity and maximum diameter of inclusions when the inclusions can be captured.
As the section a of the Fig. 3 shows that the distribution of shell thickness is uneven in the continue casting process when using the 0.8 solid fraction defines the shell thickness. The capturing of the inclusion becomes uneven after considering the uneven distribution of the shell thickness and the velocity of the molten steel when the solid fraction is 0.8.
According to the study of Miki Yuji 33) and Kusuhiro Mukai, 26) the forces acting on the inclusion near solid/liquid interface are drawn in Fig. 4 . The inclusion is governed by the Saffman force and Suction force caused by the concentration gradient at the same time when the inclusion is in concentration boundary layer, only governed by the Saffman force when the inclusion is between velocity boundary layer and concentration boundary layer and governed by neither when the inclusion beyond the velocity boundary layer.
Result of Simulation
Simulation of inclusion capturing includes flow of the liquid steel, heat transfer of the slab and momentum of the lagrangian discrete phase. In order to study the distribution of the inclusions in the surface layer of the slab, the velocity of the slab and solidification of the slab are discussed in flowing paper.
The distribution of different size inclusion at 5 time point including 10 s, 30 s, 100 s, 200 s, 300 s showed in the inclusion float up at 0-30 s, but there are some large inclusion flowing with the liquid steel and mixing with the small inclusions at 30-300 s.
After 200 s, the distribution of the inclusions changes very little, because the number of inclusions which injected from the inlet of SEN equal to the ones which escape from outlet and removed by the upper surface.
In order to study the solidification of the surface layer in the slab, slices of different distance from inner surface with the liquid faction are given out in the Fig. 6 . With the increasing of distance from inner surface, the uneven distribution of the solidification becomes more and more obvious. Solidification of the middle broad face is faster than the edge ones.
The distribution of the inclusions at different distance from the inner surface is shown in Fig. 7 
Discussion

Experimental Method
The extraction of a metal sample was made by using a potentiometric electrolytic extraction technique with 95% ethanol+FeCl3 with the device showed in Fig. 8 . To avoid oxidation of the steel, argon(Ar) atmosphere was used. The amount of dissolved metal was about 80 g-120 g, the sample section is the pattern area showed in Fig. 7, and The inclusion content on the quarter of the broad face has a maximum value at 0.02-0.03 m below the surface, and the inclusion content on the half of the broad face has a maximum value at 0.01-0.02 m below the surface shown in Fig.  9 . At the same time the total inclusion content on the quarter of the broad face at each distance from the inner arc surface is more than the center one.
Comparison Simulation with Experiment
The simulation data is obtained by cutting the sample data block from the sample section showed in Fig. 7, calculate the weight of the inclusion by equation ,
where n is the max number of the inclusion in 1, ρp is the density of the inclusion in kg/m 3 , rp, i is the i-th radius of the inclusion. Then the following figures are given out.
Comparison of the inclusion mass percentage at the quarter of broad face varies the distance from the inner surface by cutting the slice at the pattern area in section a, b, c, d of Fig. 10 . The inclusion mass distribution of numerical simulation is similar to experiment one. The inclusions cluster at the quarter of 0.01-0.03 m from the inner surface which has also been observed in Fig. 7 .
The experiment data of section b in Fig. 10 shows that the inclusion cluster at the center of 0.01-0.02 m from the inner surface, and the numerical simulation one also shows that the inclusions cluster at the quarter of 0.01-0.02 m from the inner surface. The distribution of the inclusions is similar in the two cases.
Comparison of the inclusion total mass percentage at different position of broad face is showed in Fig. 11 . The data shows that the inclusions cluster at the quarter of broad face. The numerical simulation data is similar to the experiment ones.
Conclusions
This work investigated inclusion motion phenomena during the solidification process of casting slab. Inclusion distribution, inclusion trajectories of different distance from inner surface are given in this paper based on the threedimensional numerical simulation. The solidification front captured the inclusions during the solidification process of casting slab are showed in this paper and the comparison of the experiment data with the simulation one is given out.
Most of the large inclusions float up at 0-30 s, but the other flow with the liquid steel and mix with the small ones. With the solidification front capturing and the influence of the flow stream, the distribution of the inclusion in the inner surface layer becomes uneven. Most of the inclusions cluster at the quarter of the broad face, and large inclusions cluster at 0.01-0.03 m from the inner surface, small inclusions cluster at 0.02-0.04 m from the inner surface.
The proportion of inclusion shows that the inclusions cluster at the quarter of broad face by comparing the quarter data with the center data of the broad face. And the model in this paper can be used to predict the distribution of the inclusions which size is over 50 μm in the surface layer of the slab for the simulation data agree well with the experiment data.
